This paper presents a multi-dimensional loading material testing machine based on a hexapod parallel mechanism. We designed a model-based PID closed-loop control method using feedbacks from six uniaxial force sensors installed on limbs. Three simulations were proceeded to estimate the feasibility of this control method. Furthermore, we established two series of experiments, including multi-dimensional loading experiments and standard tension tests. The former experiment results demonstrate the multi-axial loading capacity since the actual multi-axial output wrench has the deviation less than 5% of the desired ones. The latter experiments reveal that the uniaxial tension test is not considerably influenced by the redundant degree of freedoms, because the tensile-test results are relatively identical to those results achieved by universal material testing machine. Both experimental results suggest that this proposed material testing machine are feasible to perform multi-dimensional material tests, as well as standard uniaxial tests.
Introduction
Modern industries, such as the automobile and aerospace industries, seek lightweight designs to reduce energy consumption and economic cost (Li and Lu, 2014; Anderson et al., 2014) . Accurately and comprehensively understanding the mechanical properties of the engineering material facilitates to advance lightweight design and improve manufacturability, as well as analyze the mechanical property of the designed parts by finite element method. It is essential to avoid failures in design and manufacturing. The mechanical properties are commonly achieved by traditional uniaxial tension, torsion and bending tests, based on the classical theories of strength, which convert four kinds of material failure (tensile stress, tensile strain, shear stress and distortion energy) into uniaxial stress failure condition. Therefore, the uniaxial material testing machine (MTM) is widely used to estimate the material mechanical properties (Hessling, 2008 (Hessling, , 2009 . However, in the practical application, the stress state of critical parts are rarely uniaxial (Feng et al., 2010) , instead, most structural parts are loaded under complex multi-directional stress state, which results in a fact that their material mechanical properties obtained by uniaxial material tests are less comprehensive and accurate. For the purpose of evaluating the mechanical properties precisely under such complicated situation, an MTM that can apply multi-dimensional load on the materials is urgently required.
Research on multi-axial loading equipment has been recently reported, including biaxial tension and compression tests (Zhang and Zhang, 2013; Smoger et al., 2012; O'Connell et al., 2012 , Zhao et al., 2014 , biaxial fatigue tests (Spinelli et al., 2013) , triaxial tension and compression test (Feng et al., 2010; Lee et al., 2013; Soroush and Jannatiaghdam, 2012; Cil and Alshibli, 2014) . Most of the mentioned biaxial and triaxial material tests are based on the composing of orthogonal uniaxial load cell actuated by hydraulic or electric motors. These tests require the specific specimens and grips, which restrict the scale and diversity of tests, for different desired multi-axial testing forms. These insufficient aspects are adverse to develop a flexible and effective multi-dimensional testing machine that can fulfill various forms and scales of multi-axial tests using relatively unified specimens and grips.
Parallel mechanism has been extensively investigated by virtue of its high force-to-weight ratio, high stiffness and accuracy, low inertia, and its wide spread applications in various fields such as high fidelity simulators and machine tools (Dong et al., 2013; Wu et al., 2013; Shao et al., 2012) . From the view of an MTM, a 6 degree-of-freedom (DOF) parallel mechanism, such as Gough-Stewart platform, can fulfill a 6-DOF twist (a 3-DOF translation and a 3-DOF rotation) and apply a 6-DOF wrench (a 3-DOF force and a 3-DOF moment) through the displacement of its moving platform. Therefore, diverse multi-dimensional material tests composed of tension, torsion, shear and bending tests can utilize the same specimens and be performed at the same time. Moreover, the displacement of the moving platform is considerably larger than the mentioned biaxial and triaxial MTMs, thus the Stewart platform can be adopted to different experiments with various scales. These advantages indicate that 6-DOF parallel mechanisms are feasible to the applications of multi-dimensional material testing machines, and some related papers have been published. Nierenberger et al. (2014) established a multi-axial testing machine and reproduced the Nooru-Mohamed test. Le Flohic et al. (2014) studied the 3D control method to that test machine. These researches focused on the accuracy of spatial forces and proceeded the calibration on it, but the 3-DOF moment affecting the accuracy of torsion and bending test are not well concerned.
In this paper, we propose a multi-dimensional loading material testing machine (MLMTM) based on Stewart Platform. This machine can apply 6-DOF load on the specimen to comprehensively test its property under complex stress, which will be crucial to develop design and manufacturability. It is also more flexible to proceed different types and scales of experiments, we can use the uniform specimen in various tests, including not only force-related tests but also moment-related tests, such as bending tests and torsion tests. This provides an effective and economical method to different multi-dimensional experiments. Its prototype is assembled with detailed architectural description. Its kinematics is analyzed and dynamics is modeled by Kane method. Base on this model, we design a control system and subsequently proceed some simulations to examine the validity of the system. Finally, we conduct some experiments to demonstrate the multi-axial loading capacity and observe the influence caused by the redundant degree of freedoms that material tests unused.
Architectural description
Based on a hexapod parallel mechanism, the proposed MLMTM is composed of six identical motor-driven kinematic limbs connecting the fixed base and the moving platform. As presented in Fig. 1(a) , the dimeters of the moving platform and fixed base are respectively 240mm and 320mm, and the height of the fixed base is 370mm; the distance between the top surfaces of the moving platform and fixed base is from 357mm to 567mm, based on the stroke of 210mm along z-axis. The six limbs are divided into three groups that are evenly installed on the fixed base by universal joints, with an interval of 120° from one another. Each limb is driven by a ball-screw actuation, using as a prismatic joint assembled with the universal joint. This machine aims to fulfill the stroke of 200mm along x-, y-, and z-axis and the rotation range of ±10° about those three Cartesian axes. The maximum output force along x-, y-, and z-axis should reach 3kN, 3kN, 20kN, respectively, and the maximum moment about each axis should be 2N· m. This target is determined by the profiles of specimen and the aims of experiments. We designed the MLMTM to achieve the translation and orientation space by kinematic analysis, cooperating with the inference tests and singularity analysis. The maximum output load was examined by finite element method to ensure the stiffness of this machine. Finally, we proposed this MLMTM with the desired workspace and output moment, and enlarged it output force to 5kN along xand y-axis and 25kN along z-axis.
Furthermore, a uniaxial force sensor (BK-1, China Academy of Aerospace Aerodynamics, Maximum Load is 500kg) is fixed on the prismatic joint and links the moving platform by a spherical joint. This force sensor uses strain gauge to measure the tension and compression along the limb on which it is installed, and through the Jacobian of the MLMTM derived from static analysis, we can obtain the 6-DOF wrench applied on the moving platform as the feedback of actual output load. As the prototype shown in Fig. 1(b) , a specimen is designed to be mounted between the moving platform and the fixed base using mechanical grips.
 
,, x y z O is assigned at the fixed base take its center as the origin; x-axis is defined to pass through the mid-point between 1
B and 2 B , and z-axis is perpendicular to the plane of the fixed base. Similarly, a moving frame
,, x y z P is settled at the center of the moving platform, whose center is considered as the origin. The x1-axis is defined by the origin and the mid-point between 1 P and 2 P , and the z1-axis is normal to the plane of the moving platform. 
Control method and simulations 3.1 Control Method
To achieve the multi-axial loading capacity, a model-based PID control system is designed for this MLMTM, whose scheme is shown in Fig. 2 . The input parameter is a 6-DOF vector d F representing the desired wrench that plan to exert on the specimen through the moving platform, and the corresponding desired-force vector in limbs d f will be derived by the inverse dynamics modeled by Kane method (Guo et al., 2013) . The output parameter is the actual-force vector in limbs 
where the three diagonal matrices 
Simulations
In this section, the proposed force method is tested by a co-simulation platform composed of MATLAB/Simulink and ADAMS/Control modules, whose flow chart is shown in Fig. 4 . A simplified MLMTM model is firstly constructed in ADAMS, as depicted in Fig. 3 , and then is exported and embedded in MATLAB/Simulink module where the target control schemes are fabricated. A flexible specimen model is imported by ADAMS/View module during the modeling stage in order to make the rigid specimen model stretchable. In Fig. 4 , the superscripts "M" or "A" on each block represents that step is processed in MATLAB or ADAMS respectively and the bold arrows denote the connections (input and output) between those two software modules. After specifying the desired wrench d F and combining with the kinematic parameters of moving platform, the desire-force vector in limbs d f is derived. Comparing with the actual limb force vector a f , the actuating signal u is generated in MATLAB and input to ADAMS modules. The simulation model of MLMTM is driven by the signal u and its moving platform correspondingly moves to generate the multi-axial load on the flexible specimen to make it be deformed. Simultaneously, the configuration, velocity and acceleration of the moving platform and actual limb-force vector are measured in ADAMS module and output to the MATLAB module as feedbacks to realize the close-loop control. We establish three validation simulations in this section, including a tension test, a tension-torsion combined test, and a tension-bending-torsion combined test, in order to validate the feasibility of the adopted control scheme. The desired input values are shown in After applying the input wrenches on the moving platform of the MLMTM, the flexible specimen model is obviously deformed (see Fig. 3 ). As shown in Fig. 5 , the actual force along z-axis can accurately track the desired force with small rise time and little overshoot, which satisfies the uniaxial tension tests. The additional constant torque along z-axis does not influence the coaxial force and rapidly follows the desired value, as presented in Fig. 6 , which is feasible to perform the tension-torsion combined tests. Furthermore, Fig. 7 illustrates that this method can also be implemented in the tension-torsion-bending combined tests, because the 3-DOF wrench will be used in those tests are effectively generated following the desired values. Only the actual x-axis force shows an oscillation of small amplitude at the end of the tuning stage, but the maximum overshoot is less than 5% of its desired value and this thus reveals the effectiveness of bending tests. Three simulation results all suggest that the proposed control method is suitable for the multi-dimensional material tests. 
Multi-dimensional loading experiments
We established four experiments to examine the multi-axial loading capability of the proposed MLMTM, including two uniaxial experiments and two biaxial experiments. As shown in Fig. 8 , the proposed MLMTM was settled on the rigid ground with a 6-DOF force sensor fixed to the center of the moving platform; meanwhile, the force sensor was fastened with the fixed frame by four fixtures, while the fixed frame was pinned down to the ground with four foundation bolts. This installation of the force sensor is to measure the actual output loading the MLMTM produced.
The mass of the moving platform, the upper linkage and the lower linkage are respectively 26.3kg, 1.65kg, and 7.181kg. According to the theoretical mechanics, the inertia tensor of theirs can be easily calculated. The MLMTM was actuated to apply different groups of wrenches through the moving platform to the force sensor, whose load spectrums used in these experiments are listed in Table 2 . The actual output loadings collected by the multi-axial force sensor are summarized in Fig. 9 Table 2 Designed loading spectrums of multi-axial loading experiments. Fig. 10 Results of the experiment #2: a torque along z-axis is desired to be generated by the MP Fig. 11 Results of the experiment #3: a force and a torque along z-axis are desired to output by the MP, (a) desired and actual loads, and (b) following errors Fig. 9 Results of the experiment #1: a force along z-axis is desired to be generated by the MP Figure 9 and 10 represent two uniaxial loading experiments along z-axis, the results reveal that the MLMTM has decent capability of uniaxial loading that can be implemented in the tension tests and torsion tests. The maximum errors of following desired force ( z F ) and torque ( z M ) that change in step are 9.995N and 0.0971Nm respectively, which account for the 0.1% and 0.06% of their desired values, as summarized in Table 3 . Moreover, the multi-axial loading capacity is approved by the results presented in Fig. 11 and 12 , which represent the tension-torsion combined test and the torsion-bending combined test. The result of the former test, as shown in Fig. 11 , illustrates that the coaxial force and torque have little influence to each other, because the maximum errors are 9.874N and 0.099Nm, whose ratios to the desired value are 0.1% and 0.06% respectively. The latter one reveals the considerable feasibility of the MLMTM to perform the torsion-bending test; the moving platform tracks the desired forces with the maximum force error of 7.475 N and maximum torque error of 0.0993Nm that are 1.5% and 0.06% of their desired values. Figure 12 (a) presents some oscillations on the x-axis force ( x F ) due to the relatively weaker stiffness than that along z-axis, but the maximum following error is still remained in an acceptably low level for the practical applications. The results of these four experiments demonstrates that the MLMTM possesses outstanding multi-axial loading capacity, covering the major types of multi-dimensional material tests, through the maximum errors that are less than 2% of their desired values. 
Tension tests
The Tension test is a significant method to test mechanical property of materials, such as ultimate strength b  , yield limit s  , elongation  and percentage reduction of area , by calculating the load and deformation of specimens. In this section, we proposed a group of tension tests finished by the MLMTM and a universal MTM to evaluate the performance of the MLMTM in tension tests and observe the influence from its redundant DOFs that the tests not used by comparing the results.
The specimen used in these experiments is made of ISO C45E4 steel after quenching and tempering treatment, Fig.  13 establishes its design drawing and prototype, meanwhile, Table 4 lists its dimension parameters. Fig. 12 Results of the experiment #4: the torque along z-axis and force along x-axis are desired, (a) desired and actual loads, and (b) following errors Table 3 Maximum following errors and ratios (ratio= following error/desired valve). Fig. 13 The specimen used in tension tests, (a) design drawing, and (b) specimen prototype
On one hand, five tension tests were proceeded by the proposed MLMTM to estimate its performance in tension tests. The displacement rate of the moving platform was constantly set to 0.35 mm/s in the experiments. The whole process of the experiments are presented orderly in Fig. 14 , including the experiment setup ( Fig. 14(a) ), necking in tension (Fig. 14(b) ) and rapture ( Fig. 14(c) ). After the specimen was ruptured, as displayed in Fig. 15 , its mechanical properties were calculated and summarized in Table 5 . At last, the stress-strain curve of the steel is depicted in Fig.  16(a) . On the other hand, three standard tension tests were established by the WDW-100a universal material testing machine. Identically, the same experiment options were installed, such as the specimen, the loading method and the displacement rate (0.35mm/s). The result is shown in Table 6 and its stress-strain curve is drawn in Fig. 16(b) . Table 4 Design parameters of the specimen used in tension tests.
Experiment
No. Table 6 Tensile-test results acquired by universal material testing machine. Table 5 Tensile-test results acquired by the MLMTM.
Mechanical Property Parameters
We first compared the result of two stress-strain curves derived from the tension tests by the MLMTM and the universal MTM respectively. Because the sampling time is inevitably different in each tension test, the stress data with respect to the exactly same strain data is hardly collected and averaged to compare. Therefore, we randomly chose one curve to compare in each tension test. As shown in Fig. 16 , the strain range is different between two experiments, so the strain range from 0 to 0.27 with a step of 0.01 was specified, which is covered by both strain range. The error of stress in both experiments was calculated and depicted in Fig. 17 with a stress-strain curve from one tension test by the MLMTM as a reference. It is found that the maximum error is 31 MPa and others are all less than 30 MPa. These errors are acceptable for practical application, since there is even an error of 30MPa among the results by the universal MTM in Table 6 . Moreover, these errors also result from the repeatability of the MLMTM; as summarized in Table 5 , the maximum stress-related error is about 40MPa which is larger than the stress-related error in the result by the universal MTM (30MPa). The repeatability can be further improved by advancing the assembling and eliminating the clearance in joints of the MLMTM.
To reduce the influence of repeatability, we also averaged the mechanical properties achieved by the MLMTM and the universal MTM listed in Table 5 and 6 respectively. Comparing the mechanical properties, we can estimate the feasibility of the MLMTM to perform the tension tests and discuss the influence caused by the DOFs other than the translation along z-axis. The deviations of derived mechanical properties are summarized in Table 7 . The mechanical properties achieved by MLMTM show the deviations less than 3.5%, including the maximum load m F , ultimate strength b  , yield limit s  ; especially, the difference of percentage reduction of area  is only 0.89%. It is discovered that the elongation  has a relatively considerable error of 5.79%, but this is because we measure the length of specimen manually rather than using measuring implements, such as extensometer. Meanwhile, the deformation of the moving platform and the clearance in the MLMTM would also contribute to the elongation error because the displacement of moving platform along the axis of specimen (z-axis) is adopted as its deformation data. However, the elongation error will be effectively eliminated by installing the extensometer on the MLMTM and improving its assembling. The experimental results reveal that this MLMTM is effective to execute uniaxial tension tests along z-axis and it is unaffected by other DOFs.
Experiment
Mechanical Property Parameters Maximum Ultimate Yield Limit Elongation Percentage Fig. 17 Stress-strain curve in one tension test by MLMTM and its error in stress. The stress-strain curve was randomly selected from 5 tensile-test results by MLMTM. Its stress data was compared with that from one randomly selected tensile-test by universal material test machine. Because of the difference in sampling time, we specified the strain from 0 to 0.27 with the step of 0.01 and find the closest strain data in both mentioned tensile-tests, then we calculated the error of stress data that is related to the strain. 
Conclusion
We propose a prototype of a material testing machine with multi-dimensional loading capability in this paper. The dynamic model-based PID method is implemented to control the output load of this MLMTM, using the feedback acquired by the force sensor fixed in each limb. Three simulations are proceeded to estimate the feasibility of this control system. Three simulations demonstrate the feasibility of this control method for multi-dimensional material tests by showing the great capacity on force tracking and the produced forces along x-and z-axis and the torque are unaffected with each other.
Furthermore, we establish two groups of experiments, including multi-dimensional loading experiments and standard tensile tests. The former experiments demonstrate that the MLMTM possesses outstanding multi-axial loading capacity through the corresponding maximum errors that are less than 2% of their desired values. The latter experiments suggest that the MLMTM can accurately fulfill the uniaxial tension tests without the influence from the unused DOFs by comparing the results achieved by universal material testing machine. Moreover, we analyze the source of errors in the experiments and correspond improvements are currently in progress. The results of experiments verify the multi-axial loading capacity of the proposed material testing machine, and demonstrate it is effective to perform multi-dimensional material tests, as well as standard uniaxial tests.
